INTRODUCTION
Chloride ions interfere with dielectric grade ("barrier") anodic aluminum oxide film formation.' AIC13 formation competes with anodic AI2% f i I m formation and detracts from film quality. Aluminum chloride dissociates readily in the electrolyte. There the aluminum ions react with hydroxyl ions and precipitate as a hydrated aluminum oxide powder. Chloride ions return to the anode where they consume more aluminum and cause additional defects. These defects conduct electrical current that would otherwise support anodic film growth. Aberrantly long processing times occur. can result in local heating that causes the defects to grow into visible patches of dielectrically defective film. entrained in the growing coating, where they compromise breakdown strength and cause degradation over long term storage and use as a capacitor.
The relatively high current densities drawn at microscopic defects Some chloride ions may become Because chloride ions recycle during electrolysis, contamination at parts per billion concentrations substantially impedes coating growth. Trace amounts of chloride contamination can originate from a multitude of sources. For example, personnel who sweat, cough, sneeze, do not wear clean gloves and/or surreptitiously snack on salty foods in the processing area can contaminate the bath. Fumes from chloride-containing soldering or casting fluxes used near a barrier anodization facility, can contaminate a process. Chloride ions may be introduced if city water is used to prepare the electrotrolyte or a rinse ba.th used immediately before electrolysis. be a source of chloride ion contamination. Reagent grade salts used to prepare anodization electrolytes may contain sufficient chloride compounds to sign if ican tl y perturb the anodization process. Hypochlorite-bleached fabrics, lab wipes, towels and ashless cellulosic filter paper are sources of chloride ions.
A substandard reverse osmosis deionized water system may Recently, it was proposed that synthetic hydrocalcite' , a porous, zeolitelike powder removes trace amounts of chloride ions from barrier anodic aluminum oxide electrolytes. literature regarding how to use this material for this purpose. objectives of the current study are
There is no information in the open
The I . to demonstrate that synthetic hydrocalcite mitigates the effects of chloride ion contamination in an aluminum anodization bath and 2. to determine how to use this material as part of a practical a nod iza t i o n p ro ce ss .
II. EXPERIMENTAL
6061-T6 aluminum alloy sheet stock as substrate material. popular aluminum alloy used for a variety of applications at Sandia National Laboratories. Initially, we sheared 2 cm x 4 cm coupons; a 2 cm x 2 cm area was immersed in the electrolyte during electrolysis. we cut 2 cm x 2 cm squares of aluminum alloy with rounded corners and a 0.25 cm wide, 2 cm long tail that extended out of the electrolyte for electrical contact.
A. Substrate Material. We used 0.020-inch thick, cold rolled, This is a Later,
We briefly attempted to use 6 cm lengths of 1.6 3. 50 YO nitric acid and deionized water solution at room temperature for 10 minutes. This etchant was stored in a tightly capped polypropylene bottle.
4.
Deionized water rinse and air dry.
The substrates were visually inspected to confirm that smut had been removed and there were no stains.
Clean polypropylene or Teflon fixtures were used to handle the substrates during the cleaning procedure. Batches of substrates were cleaned using the above four steps and stored in covered glass containers. 2. Synthetic hydrocalcite additions. Initially, we added synthetic hydrocalcite to our 450 cc baths by simply stirring in a paste made from 1 gm powder and isopropanol. Later we investigated the effects of possible wetting agents including Triton X1008 (a non ionic surfactant) , ammonium hydroxide, ethylene glycol, methanol and isopropanol. hydrocalcite was to Eventually, we decided the best way to add synthetic 1. make two tightly woven nylon bags, 2. boil the bags in a succession of deionized water baths for several days (to remove possible hypochlorite bleach residues), 3. load 1 gm dry powder into a bag then tie it shut with nylon line, 4. put this bag and a teflon-coated magnetic stir bar into the second bag and tie the second bag shut with nylon line and 5. submerse the double bagged powder in 450 cc electrolyte, gently agitate and store for at least 24 hr before commencing electrolysis.
Chloride ion additions.
Initially, we added no chloride ion contamiriation and worked with possible trace amounts of chloride inherently in the deionized water and reagent grade ammonium tartrate. Later we intentionally added contamination at the level of 1 chloride ion:
10' * water molecules by diluting 1 cc of 35 wt. % (12 mole %) reagent HCI with 100 cc water, then diluting 1 cc of this stock with 100 cc water, diluting 1 cc of this second stock with 100 cc water, and adding 1 cc of the third stock to 2000 cc electrolyte with a resistivity of 62 Kohm cm. The resistivity fell to 55 Kohm cm after the CI' addition. We poured 450 cc portions of this contaminated bath into 500 cc beakers and performed differential experiments.
D. Electrolysis. Electrolyte resistivity was measured before commencing electrolysis throughout bath life to confirm it was in the desired working range of 50 to 70 Kohm-cm.
The beaker with the electrolyte was placed in a water bath that provided thermal ballast so the temperature of the electrolyte did not rise more than 3°C above room temperature (19 to 22°C) during anodization. A Teflon-coated magnetic stir bar rotating at 30 to 60 cycles per minute reduced temperature fluctuations within the bath and helped transport ionic species from the diffusion zone to the double layer to replenish species consumed by the growing coatings. In baths containing chloride ion getter, agitation presumably helped circulate chloride ions and getter material to improve the chance of capture.
Eight-cm2 areas of freshly etched and rinsed 6061-T6 aluminum were immersed in a 450 cc electrolytic bath. The anodically biased aluminum substrate was suspended between two parallel, cathodically-biased, platinized-titanium meshes. The distance between each side of the substrate and the cathodes was 1.5 cm. Anodization was performed at a fixed current density of 1 mA/cm2 supplied by a Fluke model 3330B "Calibrator" power supply. two Fluke digital multimeters. When we turned on the power supply, we recorded initial cell voltage and started a timer. recorded at regular intervals until we either reached a desired forming Current and cell voltage were monitored by Cell voltage was voltage of 950 V or some aberrant occurrence, such as an observation of visible breakdown patterns, forced us to conclude a run prematurely.
After the completion of a run, the substrate and the cathode mesh were removed from the bath. The anodized substrate was examined visually and under an optical microscope. The cathode mesh was thoroughly rinsed with deionized water and stored in a clean glass container. The filter bags containing chloride getter were never removed from a bath during the life of the bath. The bath was tightly sealed with a piece of aluminum foil during storage. Each bath was reused many times.
RESULTS AND DISCUSSION
pursued our dual goals:
A. Overview. This study evolved though three phases while we 1. to demonstrate synthetic hydrocalcite could beneficially be used as a chloride getter and 2. to learn how to solve certain problems associated with its use. First, we observed the performance of the baseline ammonium tartrate plus water bath with no chloride getter and no added chlorine contamination. synthetic hydrocalcite. We operated doctored baths for extended periods to identify problems. We developed approaches to avoid the problems. Third, we added a trace amount of chloride contamination to a large bath. The bath was divided into smaller volurnes including one with the chloride getter, one without the chloride getter. We operated both baths over extended periods of time to document the superiority of the gettered bath and to confirm the techniques we had developed to avoid problems associated with using the getter were effective.
Second, we explored different methods of adding
The amount of time required for the cell1 voltage to reach 950 V was observed as a figure of merit. Processing speed is a good indicator of dielectric coating quality. ohmically consume current that would otherwise support anodic coating growth with an increase in dielectric thickness and an increase in cell voltage required to maintain a fixed current density. We anodized to 950 V rather than the lower forming voltage specified for more practical anodization processes at Sandia on the premise that anything that can go wrong will go wrong when you try to atiain a high forming voltage. For example, microscopic flaws present at a cell voltage of 100 to 350 V have a high probability of developing inito visible defects at higher Poor quality coatings have flaws that voltages. These large defects ohmically consume large amounts of current and greatly prolong processing time.
6. Baseline Studies. During the first phase of this study, we observed the performance of the ammonium tartrate and water electrolyte and reproduced behavior observed during earlier ~t u d i e s :~ The etchants and procedures used to prepare 6061-T6 aluminum alloy substrates are appropriate.
Only a trace amount of ammonium tartrate is required to prepare a bath with a desirable starting resistivity of 50 to 65 Kohm cm.
Long processing times are required for a freshly mixed bath ( Figure 1 -curve A) . As the bath is reused, processing times become shorter ( Figure 1 -curve B) . When the bath is reused to anodize many samples, resistivity rises, as ions become incorporated in the coatings. As the bath is used and stored, it evaporates. Eventually, the bath must be restored by adding more ammonium tartrate (to lower resistivity) and/or water (to replenish volume). After the bath is restored, slow, erratic processing times and poor quality coatings must again be tolerated while the bath is rebroken-in.
As compared to a bath that has been used extensively without restoration, during the break-in period, the probability of observing a massively flawed coating is higher (Figure 2 ). This process works well when it is used to anodize 6061-T6 aluminum alloy. In order to avoid experimental uncertainties arising from variations in the concentration, size and type of alloying constituents allowed in this alloy, one might wish to use high purity aluminum substrates for fundamental studies. Unfortunately, when we attempted to use 99.999 o/ o pure aluminum wire loops as substrate material, we had problems. of 325 to 400 V (after processing times of 30 to 40 minutes) the voltage ramp rate became extremely slow and erratic. Numerous narrow, longitudinal defects were visible. When these samples were examined using an optical microscope, it appeared as though strips of the anodic coating with attached underlying aluminum substrate material had peeled off, exposing patches of bare aluminum to the At cell voltages anodization bath and lowering cell voltage. During earlier studies, we experienced similar problems with many mill runs of rolled, high purity aluminum sheet stock. We were not able to circumvent this problem by etching the aluminum ior an extended amount of time (>30 rnin.) in a 5 % sodium hydroxide solution; Le. this is not a problem associated with damage in the near-surface region as a result of drawing, rolling or handling operations. Perhaps pure aluminum does not have sufficient cohesive strength to withstand high levels of intrinsic stress associated with the formation of a thick barrier anodic coating. 
Bath resistivity did not change as a
The coating in the meniscus region was visibly flawed.
These problems suggested two opportuinities for process improvement: (1) Change the shape of the substrate to reduce substrate area in the meniscus region and (2) Constrain the synthetic hydrocalcite powder in a filter bag. Figures 4 and 5 show the results of making these two modifications. processes performed in a bath containing no chloride ion getter with 2 cm x 2 cm substrates with a 0.25 wide tail for electrical contact. Figure 5 shows three voltage ramp rates typical of processes performed in a bath containing 1 gm of dry powder in two iiylon filter bags with tailed substrates. Figure 4 shows three voltage ramp rates typical of Three comments can be made regarding the process modifications. the run times for the bath with the chloride getter are shorter than the run times for the bath with no getter. Second, the nylon filter bags are able to keep gross amounts of synthetic hydrocalcite powder from escaping to the surface of the bath, forming a scum and lengthening process times with extended storage and reuse. Third, the average process time is longer here than for similar runs performed with rectangular coupons (compare Figure 4 and Figure 1 ). The substrates were cut from sheet stock using hand shears then ground to remove a ragged edge along the interior curve leading into the tail. The grinding process left a sharp burr along the edge that was difficult to anodize. The tailed substrates prepared for the remainder of this study were hand-filed to remove the troublesome burr.
First,
After repeatedly observing that processing times for tailed substrates in the bagged chloride getter bath were consistently shorter than processing times for similar substrates in an bath with no chloride getter, we decided to add a trace amount of chloride contamination to learn how much each bath could tolerate. We prepared a stock solution with 1-cc, 12 mole % hydrochloric acid and 100 cc deionized water. One-cc of this dilute HCI stock was added to each 450 cc bath. This level of chloride ion contamination essentially destroyed both baths ability to form barrier anodic coatings. There was no increase in cell voltage above the initial starting voltage of 30 V over extended processing times. We discarded both baths and opened up the double bag containing synthetic hydrocalcite. We observed that, even after being submersed for over five weeks in the electrolyte, the bulk of the powder was dry. Only a small amount of powder in the inner bag had formed a paste that might be expected to capture chloride'ions in the bath. This observation led us to be keenly interested in identifying wetting agents.
We mixed and sonicated 0.2 gm synthetic hydrocalcite powder, candidate wetting agents and 5 gm water in test tubes to evaluate (1) how readily the candidate wetting agent caused the powder to disperse in water and (2) how stable the suspensions were. evaluated:
Five candidate wetting agents were 
4.
One and one-half grams methanol. Wetting occurs. After two days without agitation, the test tube contained a surface layer of foamy paste, some material in suspension and a layer of wet sediment.
5. One and one-half grams isopropanol. These results were similar to those observed for methanol.
Encouraged by these observations, we prepared a 2000 cc bath with a resistivity of 62 Kohm cm. We then added 1 cc of 7 X 10' /cc liquid stock. were poured into three beakers.
HCI molecules Resistivity decreased to 55 Kohm cm; 450 cc volumes Into one beaker, we added a paste prepared from methanol and I gm synthetic hydrocalcite powder in double nylon bags. This bath was stored for two days before commencing electrolysis. No escaped powder was visible in the bath. the cell voltage had risen to only 64 V. When we stopped the process and removed the anode from the bath, we discovered it was uniformly covered by a transparent, mucous-like gel coating with embedded submillimetersized lumps of additional gel-like material that dried, leaving delicate rosettes of white powder. The combination of trace amounts of hydrochloric acid, chloride getter and isopropanol in this aqueous solution appears to lead to the formation of a transparent sol that electrophoretically seals the substrate with a gel coating that blocks the formation of anodic aluminum oxide.
After 30 minutes at a current density of 1 mA/cm2, These results discouraged us from trying to use a wetting agent to increase the chloride ion getting efficiency of synthetic hydrocalcite powder.
We used a 450 cc portion of the 2000 cc chloride ion contaminated electrolyte as an experimental control. To another 450 cc portion, added 1 gm dry synthetic hydrocalcite powder in double nylon bags. first anodization run with the gettered bath was slow (Figure 6 ), requiring 39 minutes to reach a cell voltage of 628 V. Problems in meniscus area (Figure 7 ) caused us to stop processing at this point. coating in the meniscus area was flawed and cratered. During electrolysis there was visible arcing in this area. The arcing was we The the The sufficiently violent to cause audible whistling. be a result of small amounts of submicrometer-sized synthetic hydrocalcite powder escaping from the filter bags, capturing chloride ions, and forming agglomerates that stick to the substrate in the meniscus area where agitation is weak. on submersed areas exposed to strong agitation from the magnetic stirrer. These experiments suggested an additional process refinement. A piece of a porous cellulosic WhatmanB filter paper was rinsed in a succession of 80°C deionized water baths for three days to remove trace amounts of chlorides and fluorides characteristically present in "ashless" filter paper. This piece of paper was then jury rigged to form a "wiper" at the surface of the bath to scavenge getter agglomerates that escape from the filter bags and float to the top of the bath. The improvement in processing time obtained by using this wiper was so dramatic (Figure 8 - curve A as compared to Figure 6 ) that we began the final stage of the study.
This localized arcing may
No craters or flaws were visible D. P r o c e s s Reproducibility. The final problem we encountered with the bath containing 3.5 X 10' hydrocalcite was that, if the bath had not been used for two or more days, during the first run of the day, the process would readily reach a cell voltage of 770 to 800 V in 30 to 40 minutes, then problems occurred. A few small dark spots, visible to a careful observer, appeared on submersed substrate surfaces and rapidly (in 1 to 2 minutes) grew into large pepper-sized grains. to 100 V while these spots grew. Under an optical microscope, these millimeter-sized grains typically have a raised and cratered rosette structure (Figure 9 ) somewhat different from the trailing strings of craters typical of a freshly mixed bath with no synthetic hydrocalcite and CI'ions/cc liquid plus synthetic Cell voltage decreased catastrophically by 50 no added CI-contamination (Figure 2 ). After this first-run-of-the-day the chloride contaminated, chloride getter bath performed well. These results suggest that, during extended storage, particles of synthetic hydrocalcite escape from the filter bags into the bath, capture chloride ions and form large, charged micelles that, at sufficiently high voltages, contact the surface of the substrate and cause macroscopic damage. These micelles adhere to the substrate and are removed from the bath when the first-run-of the day is concluded. After the first-run-of-theday, the chloride ion contaminated, chloride-gettered bath performs well ( The defects that robbed current from anodic film growth As in earlier chloride
IV. SUMMARY AND CONCLUSIONS
Chloride ion contamination in barrier anodic aluminum oxide electrolytes can cause extended processing times, erratic behavior and flawed dielectric coatings. getter that can be added to aqueous ammonium tartrate solutions used to form barrier anodic aluminum oxide coatings. certain precautions are not followed when synthetic hydrocalcite powder is used for this application. freely in the electrolyte, especially if there are substantial amounts of chloride contamination in the bath. The amount of synthetic hydrocalcite dispersed in an anodization bath can be reduced and the effects of dispersed synthetic hydrocalcite can be minimized by 1. loading the dry powder into filter bags, 2. skimming the surface of the bath with a porous filter 3. performing dummy runs after the bath has been stored for a day or Synthetic hydrocalcite is a promising chloride ion
Problems can arise if
The powder must be kept from dispersing more without use. and 4. carefully rinsing anodized piece-parts under a strong steam of deionized water. Precautions 1 and 2 are suitable for lab bench experiments. A pressurized in-line filter may be more appropriate for a large, dedicated anodization f a c i l i t y . *
V. UNRESOLVED ISSUES AND SUGGESTIONS FOR FUTURE STUDIES.
Processing time is an readily recorded figure of merit for judging an anodization process, but the dielectric properties of aged-in anodic coatings produced by chloride contaminated baths with and without synthetic hydrocalcite should be evaluated. In view of the reported relationship between-entrained chloride contamination and shelf-life failures, an accelerated aging study would be appropriate.
It is desirable to do more work with different levels of chloride contamination to learn what concentration range can be accommodated by the synthetic h yd roca I ci t e.
If resources permit, it would be enlightening to do fundamental analysis and try to map the distribution of chlorine and microstructural deformations on the "first-run-of-the-day" samples with gross macroscopic flaws produced by baths with added chloride ion contamination and synthetic hydrocalcite. where macroscopic trails of defects alppear to have originated from a high electric field site at an exterior corner. As a bath is reused, the probability of forming a massively flawed coating decreases. with the flawed meniscus region. These samples were anodized as part of the third series of experiments using filed substrates in a bath with trace added chloride contamination, and bagged synthetic hydrocalcite micrograph of this sample is shown in Figure 7 -view A). At 688 V the problems in the meniscus area were obvious and the run was terminated.
Aberrantly long processing time associated with the sample 
